Vibration and dynamic stress caused by the interaction between the fluid and the structure can affect the reliability of pumps. This study presents an investigation of internal flow field and the structure response of residual heat removal pump using a combined calculation for turbulent flow, and the structure response of rotor was first defined using a twoway coupling method. For the calculation, the flow field is based on the shear stress transport k-v turbulence model and the structure response is determined using an elastic structural dynamic equation. The results show that the domain frequencies of pressure fluctuations of monitors on the outlet of impeller are the integer multiples of rotating shaft frequency (f n ) and the amplitude of the relatively large pressure fluctuation peak is the lowest under the design flow rate operating condition. Meanwhile, the time-average radial force value at the design flow rate condition is the smallest and the hydraulic force magnitude at the maximum operating flow rate condition is the largest, and phase difference can be clearly seen among the results obtained under different flow rates. Furthermore, the relatively large stress of rotor for all operating conditions is the biggest at shaft shoulder where the bearing is installed, and it increases with flow rate.
Introduction
Residual heat removal pumps (RHRPs) are key equipment of residual heat removal (RRA) system in 1000-MW nuclear power plants, and their level of safety requirements is second only to nuclear reactor coolant pumps. They circulate coolant through RRA heat exchangers and the reactor vessel when no reactor coolant pumps are operating to maintain the plant in cold shutdown condition. Their reliability plays an important role in the stable operation of nuclear power plant. The RHRPs are used for the following purpose: first, circulating primary coolant through RRA heat exchangers to remove residual heat, thereby achieving and/or maintaining cold shutdown of unit; second, draining the coolant in the reactor cavity (only unloading fuel entirely). They are brought into operation at pressure and temperature in reactor coolant system of 28 bar absolve and 180°C, respectively. In order to ensure the safety of nuclear power plants, the RHRPs should have low vibrations under different operating conditions. Clearly, it is very important and significant to investigate the RHRP performance based on the fluidstructure interaction (FSI).
In some multi-physics problem cases, the flow encompasses a body and affects the structure strongly, which may lead to the deformation of that body, and at the same time, the flow is influenced obviously by the change in shape of the body. Consequently, in many mechanical engineering systems, FSI was considered as an effective numerical method to solve these problems. Some researchers applied FSI to study the structure vibration induced by turbulent flow in Francis hydro-turbine, the hydrodynamic torque on oscillating hydrofoil, and the aeroelastic behavior of an oscillating blade row. [1] [2] [3] [4] [5] [6] [7] The temporal and spatial features of the turbulence in complex configuration can be obtained effectively using a coupling calculation model with the finite element formulations of fluid and solid dynamics. 8, 9 Eladi et al. 10 predicted the performance of valveless micropump considering FSI between a membrane and the working fluid. Pei et al. 11 investigated the characteristics of transient flow in a single-blade centrifugal pump using a partitioned FSI solving strategy. Jiang et al. 12 used the FSI method to study the critical speeds and unbalanced responses of rotor systems which considers annular seals in multi-stage pumps. RL Campbell and EG Paterson 4 developed a quasi-steady response FSI solver model and used viscoelastic hydrofoil experimental results to validate the solver of that model. Yuan et al. 13 used a strong coupling strategy to calculate turbulent flow and structure response in a centrifugal pump, studied the effect of the modification of the structure on the flow field in impeller, and predicted the transient dynamic stress and displacement of the rotor structure caused by force of the fluid around the impeller. Pei et al.
14 studied the impeller oscillations induced by periodically unsteady flow in a single-blade pump considering FSI simulations with strong two-way coupling and compared the numerical and experimental results under off-design conditions. Pei et al. 15, 16 used the two-way coupling method to investigate the modification of the structure effects on the behaviors of periodically transient flow in a singleblade sewage centrifugal pump and studied dynamic stress induced by the fluid loads of sewage centrifugal pump impeller using two-way coupling method. Some research works predicted the noise in pumps considering FSI. [17] [18] [19] In this study, the internal flow in RHRP is calculated using Reynolds-averaged Navier-Stokes equations with the shear stress transport (SST) k-v turbulence model, in order to investigate the flow patterns and the unsteady pressure in the pump. [20] [21] [22] Meanwhile, the transient structure dynamic analysis is based on the finite element method. The dynamic stress and the displacement of the rotor under different operating conditions were analyzed. While the internal flow characteristic force and the dynamic hydraulic of RHRP were studied in detail.
FSI simulation and experimental validation

FSI method
FSI analysis can effectively solve a multi-physics problem because the interaction between two different physics phenomena is calculated separately. From the viewpoint of the mechanical engineering application, an FSI analysis should be included in a structural or thermal analysis, and the loads (e.g. forces or temperatures) on the structural surfaces are derived from a corresponding fluid analysis or previous computational fluid dynamic (CFD) analysis. In turn, the results of the fluid analysis may be effected by the loads coming from the mechanical analysis. The fluid-structure interface is defined as the boundaries that the mechanical model shares with the fluid model. The interaction between the structure and the fluid typically takes place at the fluid-structure interface. The results of the two analyses can be delivered at this interface reciprocally as loads.
The structure suffers an exerted force from the fluid pressure induced by the interaction between the fluid and the structure, and the modification of the structure has an effective ''fluid load.'' The governing finite element matrix equations are as follows
where ½M S is the solid mass, U is the displacement, € U is the acceleration, ½K S is the stiffness matrix, F S is the solid node force, P is the pressure, M f is the fluid mass, K f is the damping matrix, F f is the fluid node force, r 0 is the fluid density, and [R] is a ''coupling'' matrix that depicts the positive surface area linked to each mesh node on the fluid-structure interface.
The sketch of the FSI simulation system is shown in Figure 1 . 15 The process of the coupling calculation includes three parts: a time domain of the FSI simulation, stagger iteration loops, and calculating loops between fluid and structure fields. The time domain is applied to control the number of time step and decides the time step interval. In this study, the time step is determined by the rotation impeller angle (e.g. impeller rotates 3°in each step). In each time step, the results are obtained in a certain impeller position. The stagger iteration loop is used to decide the maximum number of calculating loops between the fluid and the structure fields. Within every stagger iteration loop, unsteady flow field simulation is processed first, and then the wall force on the coupling interface is regarded as boundary for the structure field numeration. In turn, the displacements of the structure have effect on unsteady flow results. The calculations of the two fields are processed certain times alternately.
When the loads transferring between the two fields at the coupling interface converge, the stagger iteration loop will turn into next loop. The standard of convergence for the load transfer program is defined as follows
where a old denotes the load transfer obtained in the last stagger iteration and a new denotes the load transfer obtained in the present stagger iteration. In order to judge whether the simulation in each stagger iteration loop is converging or not, the value of the convergence target, [ min , need to be preset. Each calculation value is regarded as converged when [ is smaller than [ min .
The convergence of each calculation value is denoted as e, which is defined by
This implies that the calculated values on each step have converged while the informational convergence value goes negative. . Impeller is a centrifugal impeller, diffuser is a radial vane, and volute is a ring. The whole computational domain was generated using the threedimensional (3D) modeling software PRO/E5.0, which includes suction, impeller, diffuser, and volute. In order to obtain a fully developed flow, both the suction and the outlet of volute have a certain extent, as shown in Figure 2 . The cross section of the RHRP is shown in Figure 3 . The right side of the figure shows the bearing box with supporting feet. The main body of the RHRP is displayed in the left side of the figure. The impeller is located on the shaft, and the guide vane diffuser is installed in the volute.
Mesh generation and mesh independence check
Fluid computational domains use ICEM CFD 14.5 software multi-block approach to meshing, and computing grids use structured hexahedral meshes because of the following reasons: (a) compared to unstructured tetrahedral mesh, hexahedral grid can greatly reduce the number of nodes in the grid 3D model to improve computational efficiency, (b) hexahedral mesh grids with good orthogonality will help to ensure the accuracy of numerical results, and (c) hexahedral structured grids are used for easy handling of boundary-layer mesh density region to meet the requirements of different turbulence models in a grid wall function to accurately calculate the boundary-layer flow. In order to eliminate the effect of the grid number on the results of the flow simulation, a grid dependency check at the design flow rate point was performed. Variation curve of head with changes in grid number is shown in Figure 4 . It can be seen that the head hardly increases after the grid number goes up by 3.9 million. Consequently, the error caused by the grid number on calculating results can be ignored. Finally, the total number of grid mesh is 4,403,462, which is used for calculating results of the unsteady flow. Figure 5 shows the mesh of the whole fluid domain. And the quality of the mesh is good enough to simulate internal flow in RHRP.
The material characteristic parameters of the rotor structure are listed in Table 1 . In addition, the mesh of the rotor structure was generated in ANSYS Workbench 14.5, as shown in Figure 6 .
Coupled simulation setup
For the fluid calculation part, the 3D unsteady Reynolds-averaged Navier-Stokes equation solving uses ANSYS CFX 14.5 software. Turbulence model uses the SST k-v model, and turbulence intensity is selected as 5%. The discretization in space is the high resolution of accuracy, and the second-order back Euler scheme is chosen for time discretization. The boundary conditions of inlet and outlet are as follows: inlet is set to total pressure of the static coordinate system and flow direction, and outlet uses mass flow rate outlet. Interface between suction and impeller and between impeller and diffuser is set to transient rotor stator. The mesh connection method is GGI. The solid surfaces are considered to no-slip wall boundary condition, and the standard wall function is used to calculate the boundary-layer variables. Also, wall roughness is set according to the actual situation. The roughness of the impeller walls is 0.0063 mm, and the roughness of the diffuser walls and the volute walls is 0.0125 mm. The coupling data use total forces and the fluid used was water; when the temperature is at 180°C and the pressure is below 27 bar, its density is 888. 13 , and the thermal expansivity is 7.4E204K
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. Time step is determined according to the angle of rotation of the impeller in each step. Impeller rotates 3°in each step. So, an impeller rotation cycle contains 120 time step. Total time includes 10 impeller rotation cycles. The average residual convergence criterion is set to be 1.0E24.
Experimental validation
To validate the numerical results of the hydraulic performances of the RHRP, experimental data for the RHRP were carried out in the laboratory of the National Research Center of Pumps at Jiangsu University. The schematic diagram of an opened test rig is shown in Figure 7 . A frequency inverter was used to adjust the speed of the motor during the starting and stopping period. Two pressure transmitters were mounted on the inlet and outlet pipes of the pump to measure static pressure. Then, the hydraulic head of the pump was calculated by these static pressure values. A relative pressure transmitter with a range of 0-4 bar was located on the inlet of the pump, and an absolute pressure transmitter with a range of 0-16 bar was located on the outlet of the pump. A turbine flow meter mounted on the downstream pipe was used to measure the flow rate. A flow control valve with motor was located at the downstream of the turbine flow meter in the pipeline. Its function is to adjust the flow rates during the test. Figure 8 shows the actual test rig.
The head is an important parameter to indicate the performances of the pump. The head of the RHRP was experimentally investigated in order to further verify the calculating results. According to the law of similarity, numerical simulation results were converted to test conditions. The curves of the head of RHRP obtained by both CFD and experimental methods are shown in Figure 9 . It can be seen that the head predicted by numerical simulations does accord with the experimental results. The maximum deviation of the head between the CFD and the experiment data is below 4%.
Results and discussions
In this study, the RHRP performances were investigated under three required operating conditions which In addition to obtain the dynamic stress and displacement as a function of time, several monitoring points were defined on the rotor structure, as shown in Figure 10 . P 0 was defined at bearing shaft shoulder. P 1 and P 2 were defined at the trailing edge of the blade near the shroud and the hub, respectively. P 3 was located on the wear ring of the impeller. The shaft, where the bearing was installed, was set to fixed support in transient structure dynamic analysis, as shown in Figure 10 . In order to analyze the unsteady flow and the distribution of dynamic stress in RHRP, two coordinates were established, as shown in Figure 11 . One was a stationary coordinate frame used for defining the impeller position marked as (x, y). The other rotating coordinate frame marked as (j, c) was used to define the circumferential position in the stationary coordinate frame. The positive y axis of the stationary coordinate frame spins a certain angle in anticlockwise direction and then overlaps the positive c axis of the rotating coordinate frame. This angle was defined to the rotating angle u and used to resolve the rotation position of the impeller. In order to analyze the pressure fluctuation pattern on the outlet of the impeller, some monitoring points were located in the impeller's outlet and each point be apart the rotating angle u = 60°, as shown in Figure 11 . Figure 12 shows the streamline distribution at midspan in the impeller and the diffuser under the three required conditions when u = 0°, and the legend represents the velocity scale in the calculation domain. It can be seen that stable flow patterns are observed in the impeller and the diffuser, also the velocity is relatively low, when the flow is at the design flow. The velocity near the blade pressure side is larger than that near the blade suction side in the impeller, and a relatively low velocity appear near the blade pressure side of the impeller. When the flow reaches the maximum flow, there is an unstable flow in the diffuser, and vortex occurs in every diffuser vane. But when the flow decreases to the lowest operating flow, area of the vortex in the impeller passage and the diffuser vane is very large, also eddy becomes intensive, because the fluid constraint ability of the impeller is insufficient.
The x and y components of the transient hydrodynamic force under different operating conditions are shown in Figure 12 . And the time-average radial forces at different operating conditions in a impeller period are list in Table 2 . The force magnitudes function as the rotation angle u. A reference force of the forces is defined in equation (5). Furthermore, the normalized force magnitude F* is achieved based on equation (6) 
where u 2 denotes the circumference velocity of the impeller tip, b 2 denotes the wide of impeller outlet, and r 2 denotes the radius of the impeller tip. As shown in Table 2 , the time-average radial force value is the smallest at the design condition. But the force values are almost equal when the RHRP operates under the lowest flow rate or the maximal flow rate. Figure 13 shows that the force magnitude at the maximum operating condition is the largest. Phase difference can be clearly seen among the results obtained under different conditions. The curves of the force y component have a different phase compared to the force x component.
To reveal the behaviors of the unsteady pressure, a non-dimensional pressure coefficient, C p , is obtained using equation (7) in order to calculate the magnitude of the pressure fluctuations in a rotating cycle of the impeller
Figures 14-16 show the frequency spectrum of pressure pulsation of the monitoring points P 4 -P 9 under different conditions. It is clear that the domain frequencies of pressure fluctuations of the monitors are 5, 10, 15, and 20 f n (rotating shaft frequency) under different operating conditions. Also, compared to other monitoring points, the monitoring point P 7 has relatively large peak values for the lowest flow condition and the design flow condition, the frequency of which is 5 f n . According to Figure 23 , the relatively large peak value for the maximum flow condition is obtained on P 6 , the frequency of which is 15 f n . The results of comparison are obtained on all monitoring points, and it can be seen that the magnitude of the relatively large peak for the design condition is the lowest. The dynamic stress in the rotor structure is calculated based on the fourth strength theory. Since the sheer stress is much smaller than the normal stress in this case, the von Mises or equivalent stress is calculated as follows Figure 17 shows the time-dependent maximum equivalent stress on the monitoring point P 0 in which the results are calculated using FSI method combined with the structure response analysis under different conditions. There is very obvious fluctuation for all flow rate conditions. It can be seen that the curves have a same phase. And there are four peak values and trough values in an impeller rotating cycle at different flow rate conditions, and the adjacent peak or valley values apart 90°are clearly observed. The equivalent stress values increase with the flow rates because the shaft power also becomes larger with the increase in the flow rate. The equivalent stress values are between 250 and 286 MPa under the lowest flow rate condition, between 276 and 310 MPa at the design flow rate condition, and between 304 and 344 MPa under the maximum flow rate condition. Compared to Figures 18  and 19 , the relatively large equivalent stress value of P 0 is so much higher than that of P 1 and P 2 . So, when RHRP operates in nuclear power plants, fatigue damage is most likely to occur on the shaft near where the loose bearing is installed. The equivalent stress on the monitoring points P 1 and P 2 is presented as the function of the impeller's rotation angle u, as shown in Figures 19 and 20 . Their curves show obvious fluctuation and specific phase differences. The relatively large equivalent stress values of P 1 and P 2 increase with increasing flow rates. The equivalent stress values of the monitoring point P 1 vary from 48.5 to 55.5 MPa at the largest flow rate condition and that of wave from 47 to 50.3 MPa under the lowest flow condition. Moreover, at the rated flow condition, the equivalent stress values of the monitoring point P 1 fluctuate from 49.7 to 52 MPa, which is smaller than other conditions. The pressure fluctuation value at the impeller's outlet under the rated flow condition is lower than the other conditions. Compared to the equivalent stress values of the monitoring point P 2 shown in Figure 2 , the relatively large and relatively small equivalent stress values of P 1 are much higher among all conditions.
The comparisons of the displacement at the monitoring points P 1 and P 3 numerical results considering strong FSI under different conditions are shown in According to Figure 20 , the curves of the displacement at P 3 in x direction with four peak values and valley values in an impeller rotating cycle are distinctly observed, and the adjacent peak or valley values apart 90°are clearly observed. It can be seen that the magnitude of the displacement at the maximum flow condition is the largest. Furthermore, the displacement values between 20.22 and 0.51 mm are obtained. The y-component curves of displacements at the monitoring point P 3 for different conditions are shown in Figure 21 . Phase differences can be clearly seen among the results captured at all different conditions. The largest value of the smallest flow rate condition exhibits at the impeller's rotation angle u = 210°, and that of the rated operating condition and the largest flow rate condition display at the impeller's rotation angle u = 165°and u = 100°, respectively. The y-direction displacement values are between 0.02 and 0.13 mm, 0.03 and 0.22 mm, and 0.51 and 0.23 mm at the lowest; the design and the maximum flow condition are obtained, respectively.
Compared to the x-direction displacement curves of the monitoring point P 3 , the curves of the monitoring point P 1 exhibit similar variation tendency. But the magnitude of the monitoring point P 1 is larger. It can be seen that the x-direction displacement values at the lowest flow rate condition are between 20.55 and 0.54, under the design flow rate condition between 20.23 and 0.74 mm, and for the maximum flow rate condition between 20.38 and 0.79 mm. It is clear from Figure 17 that the curves of the y-direction displacement of the monitoring point P 1 at different conditions have different phases obviously. The y-direction displacement values of the monitoring point P 1 are between 0.73 and 0.99 mm, 0.83 and 1.21 mm, and 0.87 and 1.22 mm at the lowest; the design and the maximum flow condition are obtained, respectively.
It is clear that the displacement values of the monitoring point P 3 in x direction or y direction are lower than wear ring clearance (0.4 mm). So, a wear ring clearance value of 0.4 mm is suitable for this RHRP. The relatively large displacement value of P 1 is higher than P 3 because the flow pressure at the impeller's outlet is larger than that of the impeller's inlet.
Conclusion
The internal flow in RHRPs is simulated using Reynolds-averaged Navier-Stokes equations with the SST k-v turbulence model, and the dynamic stress and displacement of the rotor are calculated using transient structure dynamic analysis combined with the FSI strategy. The transient hydrodynamic forces on the impeller, the stress and displacement distribution in the rotor, and the pressure fluctuation of the impeller's outlet are investigated. The following conclusions are made:
1. The radial force value at the design flow rate condition is the smallest. The force magnitude is the largest under the maximum flow rate operating condition. 2. The relatively large displacement value of the impeller's outlet is higher than that of the wear ring of the impeller due to the transient force caused by the flow pressure fluctuation at the impeller's outlet, which is stronger than that of the impeller's inlet. Moreover, both in x and y directions, the displacement values of the wear ring of the impeller are lower than the wear ring clearance. 3. The equivalent stress value of the shaft, near where the loose bearing in rotor is installed, is much higher than that of other place under all flow rate conditions. Also, the equivalent stress on the trailing edge near the shroud is larger than that on other part of blades. 4. The domain frequencies of pressure fluctuations of the monitoring points at the impeller's outlet are 5, 10, 15, and 20 f n (rotating shaft frequency). The frequency of the relatively large peak value of some monitoring points for the maximum flow condition is bigger than those for the other two conditions. And, the frequency of the relatively large pressure fluctuations of the monitoring points located at different positions is different. 
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